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an unexpected, remarkable recovery of seagrasses in a previously overgrazed meadow with abundant unattached branched coralline algae, suggesting that turtle grazing had ceased. We hypothesize that this recovery is due to an effective grazing-protection mutualism, in which the spiny coralline algae structures protect the seagrass meadows from overgrazing, while the seagrasses protect the algae from removal by currents and waves. Removing coralline algae from recovered seagrass plots allowed the turtles to resume grazing, while addition of coralline algae to grazed plots caused cessation of grazing. Coralline algae that were placed on bare sand were quickly displaced by wave action, whereas those placed in grazed or ungrazed sea-grass remained. Our experiments demonstrate a grazing-protection mutualism, which likely explains the witnessed recovery of an overgrazed seagrass meadow. To our knowledge, this is the first account of a plant-plant grazing-protection mutualism in an aquatic environment. Our findings show that grazing-protection mutualisms can be vital for the maintenance and recovery of ecosystems shaped by habitat-structuring foundation species, and highlight the importance of mutualisms in coastal ecosystems. As seagrasses, sea turtles and coralline algae share habitats along tropical shores worldwide, the mutualism may be a global phenomenon. Overgrazing is expected to increase, and this mutualism adds a new perspective to the conservation and restoration of these valuable ecosystems.
INTRODUCTION
Seagrass meadows are essential ecological components of coastal zones due to their high productivity, sediment trapping and stabilization capacity, and provision of habitat or food to fauna, including fish, birds, invertebrates and iconic species such as dugong, manatee and green turtle (Hemminga and Duarte 2000; Waycott and others 2009) . A growing number of studies points at the importance of trophic and non-trophic interaction networks in mediating seagrass ecosystem functioning. For example, Hughes and others (2013) showed how sea otters can mitigate negative effects of nutrient loading by preying on crabs that feed on grazers which control algal epiphytes on seagrasses. Another example is the three-way interaction where sulfide-oxidizing bacteria in the gills of lucinid bivalves protect seagrasses from sulfide toxicity in organic matter-rich seagrass sediments (van der Heide and others 2012).
In interaction networks, benefits from one species to the other are often mutual. Mutualisms are important determinants of functioning and community structure of ecosystems (Stachowicz 2001; Bruno and others 2003; Hay and others 2004; Toby Kiers and others 2010) . Protection mutualism is a specific type of mutualism in which a mutualist defends its partner against natural enemies. A wellknown example of a protection mutualism that reduces grazing is the interaction between Cecropia trees and Azteca ants in the jungles of Central and South America. The trees provide the ants with nesting space and food packages, and in return the ants protect the trees by trimming competing vines and attacking herbivores (Janzen 1969; Schupp 1986) . Although seagrasses engage in mutualistic interactions (van der Heide and others 2012; de Fouw and others 2016), there is currently no account of any documented plant-plant grazingprotection mutualisms in seagrass meadows or in aquatic environments in general. Several recent studies have described local overgrazing of seagrass beds by sea turtles, as seagrass areas are diminishing, and turtle numbers have locally increased due to successful turtle conservation (Fourqurean and others 2010; Christianen and others 2014; Heithaus and others 2014). Overgrazing is defined here as changes in feeding behavior which can ultimately lead to ecosystem collapse. Overgrazing has caused local decline of seagrass meadows. A continued increase in turtle populations may thus compound existing threats to seagrass meadows caused by direct human-induced degradation of coastal environments (Lotze and others 2006; Waycott and others 2009) . Moreover, whereas top-down control by predators may also ameliorate turtle grazing pressure (Heithaus and others 2014) , protection mutualism may be more important than previously recognized.
In this study, we investigate whether a grazingprotection mutualism between seagrasses and unattached coralline algae can protect seagrass ecosystems from overgrazing by turtles. This type of coralline algae (belonging to the family Corallinaceae), seagrasses and turtles has strongly overlapping distribution ranging all over the tropical world ( Figure 1) , implying that the interactions among these species groups may have global significance. We first suspected such a mutualistic interaction, when we observed that a strong increase in unattached branched coralline algae in a tropical seagrass meadow was accompanied by changes in seagrass-specific composition and morphology typically associated with cessation of turtle grazing (Molina Herná ndez and van Tussenbroek 2014). Specifically, seagrass patches colonized by coralline algae shifted from dominance by a smaller fast-growing, grazing-resilient species (Halodule wrightii) to dominance of the larger, slow-growing climax species Thalassia testudinum that disappears when overgrazed ( Figure 2 ). Therefore, we hypothesize that coralline algae facilitate seagrass by forming a dense layer of unpalatable hard structures that cover the nutrient-rich basal part of the seagrass shoots that turtles prefer to eat (Bjorndal 1980; Zieman and others 1984; Molina Herná ndez and van Tussenbroek 2014) . We suggest that the seagrasses, in turn, facilitate the coralline algae by protecting them from being swept away by waves or currents, which allows the algae to thrive in areas with relatively high water movement (Steller and Foster 1995; Foster 2001) .
To test our hypotheses, we carried out three complementary experiments. To test the first hypothesis that algae facilitate seagrass, we compared (1) grazing in ungrazed plots where we removed algae, and (2) in grazed plots where we placed algae. To test the second hypothesis that seagrass facilitates algae, we carried out a third experiment in which we placed algae in bare, grazed and ungrazed plots in a seagrass meadow, and measured displacement of the algae over time.
MATERIALS AND METHODS

Study Site
We conducted our study in Akumal Bay (Mexican Caribbean, 20°23¢ 44.9¢¢ N, 87°18¢ 47.9¢¢ W), a tropical bay protected by a fringing reef at about 100-300 m from the coast (Molina Herná ndez and van Tussenbroek 2014). Seagrass meadows in the lagoon cover about 4 ha and experience high grazing pressure from a population of resident green turtles that has steadily increased over the last 2 decades (Maldonado Cuevas and others ; Table S1 ). Seagrass data from Short (2017) . C. mydas areas are regional management units, which encompass core habitats (Wallace and others 2010). Sources world map: Esri, DeLorme, HERE, MapmyIndia. 2006). Until 2008, the slow-growing climax seagrass species Thalassia testudinum was dominant at Akumal. By 2012, however, continuous excessive grazing pressure had caused this species to strongly decline and become replaced by the more grazingtolerant early seral species Halodule wrightii (Molina Herná ndez and van Tussenbroek 2014). There was serious concern that overgrazing was driving the seagrass ecosystem toward collapse (Molina Herná ndez and van Tussenbroek 2014). But such a collapse of the seagrass meadow has not occurred, while at the same time abundance of unattached red branched coralline algae (Neogoniolithon sp. and Amphiroa sp.) has increased greatly since 2012. Neogoniolithon sp. is a non-geniculate (not possessing non-calcified joints) alga, whereas Amphiroa sp. is geniculate (possesses uncalcified joints). These algae were very sparse in 2008 (< 1% cover); they increased to about 3% cover by 2012 with dense patches in some heavily grazed sections of the seagrass meadow and covered 20% of the bay in 2016 (B. I. van Tussenbroek, unpubl. data, Figure 2) .
At the time of this study (Sep.-Nov. 2015) , the algal aggregations formed a 3-6.8-cm-thick layer. Mean calcified weight was 5581 dry g m -2 ,-with Neogoniolithon sp. accounting for approximately 90-95% of coralline algae biomass (Tables S2 and S3 for characterization of the coralline algae in the bay). The algae-covered section of the bay was colonized by T. testudinum, forming a dense and high canopy with a high above-and belowground biomass (Table S4) , whereas Syringodium filiforme and H. wrightii had low biomass in this area. The coralline algae-free section of the bay was dominated by H. wrightii, and T. testudinum and S. filiforme had low biomass.
Experiment 1-Do Algae Facilitate Seagrass?
Experiment 1.1-Removal of Coralline Algae from Ungrazed Area
As a first step in testing the hypothesis that unattached branched coralline algae discourage turtles from grazing on seagrasses, we removed algae from the recovered seagrass meadow that was dominated by coralline algae. To this end, we haphazardly established 10 1 9 1-m plots from which we removed all coralline algae and 10 procedural control plots from which no algae were removed. To attract turtles to our experimental area, we mimicked turtle grazing in 20-cm-wide strips around experimental and control plots by clipping seagrass to about 3 cm height [per (Molina Herná ndez and van Tussenbroek 2014)] and removing algae. Maintenance of the plots consisted of keeping the removal plots free of coralline algae and continued clipping of seagrass shoots in the 20cm 'turtle attraction strips' to about 3 cm height, when necessary.
Prior to the start of the experiment (14-9-2015), we measured general seagrass characteristics in the area. We determined leaf length and sheath length for all seagrass species at 10 haphazardly chosen locations (aprox. 2 9 2 m in size) in the experimental area. For T. testudinum we also measured leaf width as an additional indicator. After 43 days, we terminated the experiment and re-measured all above-mentioned variables per plot.
Specifically, we collected 20 shoots of each seagrass species present per location (in the beginning) or plot (at termination of the experiment) by cutting their vertical rhizome below the sediment with a knife. In the laboratory, the lengths of the sheaths and green sections of all the leaves of the collected shoots were measured with a ruler, and leaf widths were measured with a dial caliper (0.02-mm precision). The blades were cleaned of epiphytes by scraping with a razor blade and placed in a drying oven at 60°C for at least 24 h until dry. The basal 3 cm of each leaf of T. testudinum was preserved for nutrient analysis following (Molina Herná ndez and van Tussenbroek 2014). Five times during the experiment, we visually estimated what percentage of the surface of the plots was newly grazed by turtles, which is clearly visible by the neatly cutoff leaves.
As a procedural control, we tested whether the turtle attraction strips caused an overestimation of grazing pressure within the plots. We compared shoots collected from the experimental site prior to the start of the experiment, with shoots collected from the procedural control plots at the end of the experiment. Next, we compared seagrass meadow characteristics in the removal versus procedural control plots to determine the effect of algae on grazing.
Experiment 1.2-Addition of Coralline Algae to Grazed Area
As a second test of the hypothesis that coralline algae deter turtles, we placed an approximately 5cm-thick layer of algae, originating from the ungrazed seagrass meadow, on the grazed meadow in 10 haphazardly chosen 1 9 1 m plots. The same measurements were taken as in experiment 1.1, both at the start and at the end of the experiment.
Maintenance of the plots consisted of maintaining the algae layer by topping up coralline algae in the plots when algae were displaced by water movement, tourists or animals, or when they were covered with sand by mantis shrimp. The experiment was initiated on 9-9-2015 and lasted for 48 days. The turtles continued to graze the areas around the plots during the experiment. We analyzed our treatment effect by comparing seagrass meadow characteristics before and after the addition treatment.
Experiment 2-Do Seagrasses Facilitate Algae?
To determine the effect of seagrass vegetation on establishment of unattached coralline algae, we placed thalli of Neogoniolithon sp. in ungrazed, turtle-grazed and bare sand patches in a seagrass meadow at Puerto Morelos (20°50¢ 27.2¢¢ N, 86°5 2¢ 26.1¢¢ W). Locations were undisturbed by tourists. We established 3 replicate patches per treatment, and in each patch 20 g (wet weight) of algae was placed in a 10 9 10 cm quadrat. The quadrat was removed, and small sticks were left to indicate the exact position. One week later, the 10 9 10 cm quadrat was placed back at the exact same location, with an 80 9 80 cm quadrat around it. The algae in both quadrats were collected separately, transported to the laboratory and weighed, to determine whether they persisted at the same location (10 * 10 cm quadrat) or in the general area (80 * 80 cm quadrat). After 7 days the algae were collected, as we already saw considerable removal already occurring in the plots.
Statistics
Data were analyzed with R (v. 3.4.1, R Development Core Team 2017). Unless stated otherwise, mean ± standard deviation is used to show the variability of parameters in this study. When N is given for nested data it refers to the number of subjects, not to the total number of measurements (n). When SD is given for nested data, it is of subject means. To compare groups with nested and random factors, a generalized linear mixed model (hereafter GLMM) was used, followed up by a Tukey's post hoc test when there were more than two groups. For comparisons between groups without nested and random factors, a Welch twosample t test was used when there were two groups, and a one-way ANOVA when there were more than two groups. Count data were subjected to square root transformation before analysis.
Other data were modeled untransformed, square root transformed and log transformed, after which a Shapiro-Wilk test of normality was performed on model residuals and the model with the most normally distributed residuals was chosen. To calculate denominator degrees of freedom (df 2 ) in GLMM, Satterthwaite approximation was used.
RESULTS
Experiment 1-Do Algae Facilitate Seagrass? Experiment 1.1-Removal of Coralline Algae from Ungrazed Area
Nine days after the start of the experiment, 7 algae removal plots already had more than 50% of their seagrass shoots grazed by turtles. (Turtle grazing is identified by distinct bite marks and pattern.) By the end of the experiment after 43 days, this had increased to 10 plots with greater than 95% of all seagrass shoots being grazed (Figure 3) . In contrast, only about 50% of the seagrass shoots in control plots were grazed at the end of the experiment (comparing control with removal: p = 0.006, Figure 3 . Visual estimation of % of plot surface recently grazed by turtles. Coralline algae were removed from the recovering part of the meadow, where also a procedural control was installed (turtle attraction but no algae removal, part of experiment 1.1), and added in a grazed area (experiment 1.2). Turtle herbivory was indicated by typical bite marks on shortened seagrass leaves. Experiments were initiated on 14-09; grazing was estimated 5 times during the experiment. Values are mean values (n = 10 for both treatments). In general, seagrasses in removal plots were grazed to 3 cm above the sediment, while seagrasses in control plots, if grazed, were almost always only grazed to several cm above the coralline algae layer.
Welch t test). Note that this was significantly higher than the initial proportion of grazed shoots (p = 0.001, Welch t test), illustrating the 20-cmwide clipped strips around the control and treatment plots functioned to attract turtles to the site as intended. For photographs of the experiment see Figure 4 .
Apart from clear differences in the proportion of grazed leaves, leaf morphology also differed between treatments. In the removal plots, green leaf and sheath lengths of T. testudinum, S. filiforme and sheath length of H. wrightii were significantly shorter than in control plots ( Figure 5 , plots as random factor in GLMM) and had similar dimensions as plants in algae-free grazed areas in other parts of the meadow (Table S5 ). Leaf width of T. testudinum was reduced from 9.7 ± 1.2 to 7.5 ± 0.8 mm in removal plots, whereas in control plots it was 9.3 ± 0.7. Note that, similar to the proportion of grazed shoots, the dimensions of the plants illustrate that the attraction strips functioned well; all seagrass parameters were significantly reduced in control plots in the course of the experiment (Table 1) .
Elemental analysis of the basal 3 cm of T. testudinum leaves showed significantly higher concentrations of nitrogen (2.87 vs. 2.36 mass%; Welch t test, p = 0.0016), phosphorus (46.8 vs. 39.8 lmol/g; p = 0.012), iron (1.37 vs. 1.08 lmol/ g; p = 0.032) and other elements in removal plots compared to control plots (see Table S6 for complete results of elemental analysis).
Experiment 1.2-Addition of Coralline Algae to Grazed Area
The turtles fully ceased grazing the plots following the addition of coralline algae to the grazed seagrass plots, as we did not record any cut leaves in the plots over the course of the experiment (Figure 3 , plots as random factor in GLMM). Moreover, the addition of algae led to significantly increased leaf and sheath length of all three seagrass species at the end of the experiment after 48 days (Figures 6, 7) . Thalassia testudinum leaf width did not change.
Experiment 2-Do Seagrasses Facilitate Algae?
Seagrass vegetation had a significant effect on retention of Neogoniolithon sp. in the 10 9 10 cm quadrats where we originally added the algae (GLMM: F 2,6 = 11.0, P = 0.01, replicate quadrats as random factor), and in the surrounding 80 9 80 cm quadrats to which the algae dispersed (F 2,6 = 17.6, P = 0.003). One week after placing about 20 g of Neogoniolithon sp. in 10 9 10 cm quadrats in different locations, none were still in place in the bare areas, while 27.6% ± 12.8 and 67.3% ± 5.3% were still present at the grazed and ungrazed sites, respectively (Figure 8 ). Post hoc comparisons revealed that the difference between ungrazed and grazed sites was significant, as was the difference between ungrazed and bare sites. When the search was extended to an 80 9 80 cm quadrat around the initial 10 9 10 plots, we still did not retrieve any algae from the bare areas, while 55.2% ± 8.81 and 72.1% ± 3.94 were retrieved from the grazed and ungrazed sites, respectively. Here, post hoc comparisons showed that the difference between bare and grazed sites was significant, as was the difference between bare and ungrazed sites (Figure 8 ).
DISCUSSION
Recent studies suggest that an intact trophic network is often vital for the conservation of seagrass ecosystems and the recovery of degraded meadows (Lotze and others 2006; Waycott and others 2009; Ferretti and others 2010; Fourqurean and others 2010; Hughes and others 2013) . Although topdown control of grazers by their predators is a wellknown mechanism controlling grazing pressure in coastal ecosystems such as salt marshes and seagrass meadows (Silliman and Bertness 2002; Hughes and others 2013) , studies from terrestrial systems demonstrate that protection mutualisms can also reduce grazing pressure (Janzen 1969; Schupp 1986 ). Here, we experimentally demonstrate that unattached coralline algae mediate the recovery of overgrazed seagrass meadows by deterring grazing green turtles, while seagrasses facilitate the algae by stabilizing the unattached coralline algae on the soft-sediment seabed. There are very few examples of plant-plant mutualistic interactions (Tirado and others 2015) , and plantplant mutualisms involving grazing protection have only been reported from terrestrial systems (Tirado and others 2015; Queijeiro-Bolañ os and others 2017). Our study shows that aquatic plantplant grazing-protection mutualisms exist and in fact can be vital for the maintenance and recovery of ecosystems shaped by habitat-structuring foundation species.
How Algae Facilitate Seagrass
High numbers of turtle bite marks combined with changes in seagrass shoot morphology, clearly show that removal of unattached coralline algae from an ungrazed seagrass meadow caused turtles to resume grazing, whereas addition of algae to a grazed meadow dramatically reduced turtle grazing. These results support our hypothesis that recovery of the seagrass meadow at Akumal is at least in part due to protection offered by the algae. The most likely mechanism underlying the repelling effect of coralline algae on turtles is that the spikey 3D structure of the algae may directly hamper grazing by turtles. The algae obstruct the turtles and in addition may physically harm the eyes of the turtles as they try to reach the preferred lower basal parts ( 3 cm) of the shoots (Zieman and others 1984; Molina Herná ndez and van Tussenbroek 2014).
The effects of changed grazing pressure from turtles as a result of the treatments differed per seagrass species. We found that while leaves of T. testudinum were intensively grazed upon when we removed the coralline algae, as evidenced from the 55% reduction in leaf average length, leaf length reductions of S. filiforme were smaller and nonsignificant for H. wrightii. This implies that, in accordance with earlier findings, T. testudinum was preferentially grazed by the turtles (Molina Herná ndez and van Tussenbroek 2014). The addition of coralline algae to the grazed seagrass meadow caused a 78% increase in the average leaf length of T. testudinum within 45 days ( Figure 6 , Table S5 ), suggesting that the turtles completely ceased grazing. This is in accordance with the personal observation that leaves likely formed during the experimental period (based on their length) did not have turtle grazing scars. In a turtle exclosure experiment in Bermuda, Fourqurean and others (2010) saw an increase in T. testudinum leaf length from 40 to 66 mm after 1 year of excluding turtles. The fact that we saw such a rapid increase after cessation of grazing, from 32 to 57 mm in just 45 days, may be attributed to faster growth due to higher nutrient levels at our study site, indicated by much lower C:N ratios (14.1 and 15.7 for grazed and ungrazed areas at our study site, compared to 16.1 and 26.1 at Bermuda) and C:P ratios (208 and 328 for grazed and ungrazed areas at our study site, compared to 852 and 622 at Bermuda) of T. testudinum leaf tissue.
Seagrass leaf tissue (fresh growth, the lower basal parts) in removal plots had higher nutrient content than in control plots, which happens when seagrass is grazed and is one of the reasons that sea turtles return to the same grazed patches of seagrass (Thayer and others 1984; Martínez-Ló pez and others 2019).
How Seagrasses Facilitate Algae
Our third experiment demonstrates that unattached coralline algae can only thrive within the seagrass meadows in our study area. In fact, the algae disappeared from bare areas within 7 days, suggesting that currents and waves, possibly in interaction with unstable sediments, caused the algae to wash away. In contrast, algae remained rather stable in sparse, formerly grazed seagrass patches and even more so in dense, ungrazed parts of the meadow. This can be explained by the capacity of seagrasses to attenuate currents and waves, and stabilize sediments (van der Heide and others 2007; Christianen and others 2013; Maxwell and others 2017). High densities of unattached coralline algae typically occur in areas with sufficient light for growth and moderate water movement that prevents burial by sediment while remaining low enough to prevent the algae from being flushed away or destroyed (Foster 2001) . Our study provides experimental evidence that, by reducing physical stress, seagrasses allow unattached coralline algae to thrive in environments that would otherwise not be suitable.
Our findings raise the question why unattached coralline algae are not more abundant in seagrass meadows. While there are reports of coralline algae in seagrass meadows (Figure 1) , most observations suggest that they tend to occur around the edges of the meadow or in depressions, and individuals inside the meadow are often scarce and scattered (Bosellini and Ginsburg 1971; Bosence 1985; Piller and Rasser 1996; Basso and others 2008; Freile and Devore 2016) . In our study system, the algae were previously found in T. testudinum meadows, but only between sparse vegetation (Vá squez-Elizondo and Enríquez 2016) and growing in small patches in denser meadows (Ruiz-Zá rate and others 2000). The formation of a dense mat of unattached coralline algae in Akumal only started after turtles grazed the entire seagrass meadow in the bay instead of just patches (Molina Herná ndez and van Tussenbroek 2014). The grazing may have facilitated algae growth due to increased light availability, while the meadow still provided ample protection from hydrodynamics. As the rapid colonization by the algae in turn facilitated seagrass growth, it is possible that the seagrass-algae interaction may over time gradually shift from mutualism to competition as the growing seagrass canopy will inevitably increase shading of the algae. The mutualism then only exists in the intermediate grazing range, which would explain the absence of large algae densities in dense seagrass meadows. Such shifts in the nature of species interactions have been commonly reported from other systems (Bronstein 1994 )-facilitation can shift to antagonism or vice versa when environmental conditions change.
Implications
Although the mutualistic seagrass-algae interaction allows for rapid recovery of the overgrazed seagrass meadows in Akumal, an important potential downside may be that a continued expansion of the coralline algae may eventually exclude turtles in large parts of the bay. If this would indeed happen, the remaining seagrass area may become too small to sustain the turtle population as it is currently estimated to be at or near carrying capacity (Molina Herná ndez and van Tussenbroek 2014). Turtles may shift diet from seagrass to filamentous algae, if available (Bjorndal 1980; Santos and others 2015) , or have to move to another area. If turtles do not or cannot change diet or relocate their feeding grounds, they may be forced to start grazing the coralline algae-covered parts of the meadow. If they do so in the same manner as we observed in the procedural control plots of the removal experiment, that is, grazing while leaving the lower 3 cm of the leaves intact, algae may still prevent or slow down overgrazing. The photosynthetic tissue preserved by this less intensive form of grazing may reduce or even prevent depletion of belowground carbohydrate reserves. However, another scenario could be that under continued high grazing pressure the mutualism breaks down, depending on whether the turtles prefer to relocate or, possibly by necessity, choose to deal with the nuisance of the algae.
Ecosystem-based conservation and restoration approaches in coastal ecosystems are increasingly advocated, as many studies from coral reefs, salt marshes and seagrasses emphasize the importance of ecological interaction networks for ecosystem functioning (Angelini and others 2015; van der Zee and others 2016; Derksen-Hooijberg and others 2018). Our current work highlights that recovery of mutualistic interactions can help preserve and recover tropical seagrass meadows. Although promising, we emphasize that introducing species as a biological control measure must always be done with great caution and after careful risk assessment (Howarth 2000) . However, unattached coralline algae have a global distribution with much overlap with that of seagrasses and turtles. In fact, Figure 1 is in that sense by no means an exhaustive account, as these algae are widespread and new growth sites continue to be discovered (Riosmena-Rodríguez and others 2016). This implies that algae can probably be locally sourced in many areas and used with little risk of introducing exotic species. We therefore conclude that seeding coralline algae with the aim of protecting or recovering threatened seagrass meadows deserves further attention, as it has potential to be a cheap and effective protection measure in tropical seagrass meadows around the world.
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